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Abstract

Cranial sensory placodes derive from discrete patches of the head ectoderm, and give rise to 

numerous sensory structures. During gastrulation, a specialized “neural border zone” forms around 

the neural plate in response to interactions between the neural and non-neural ectoderm and 

signals from adjacent mesodermal and/or endodermal tissues. This zone subsequently gives rise to 

two distinct precursor populations of the peripheral nervous system: the neural crest and the pre-

placodal ectoderm (PPE). The PPE is a common field from which all cranial sensory placodes 

arise (adenohypophyseal, olfactory, lens, trigeminal, epibranchial, otic). Members of the Six 

family of transcription factors are major regulators of PPE specification, in partnership with co-

factor proteins such as Eya. Six gene activity also maintains tissue boundaries between the PPE, 

neural crest and epidermis by repressing genes that specify the fates of those adjacent 

ectodermally-derived domains. As the embryo acquires anterior-posterior identity, the PPE 

becomes transcriptionally regionalized, and it subsequently subdivides into specific placodes with 

distinct developmental fates in response to signaling from adjacent tissues. Each placode is 

characterized by a unique transcriptional program that leads to the differentiation of highly 

specialized cells, such as neurosecretory cells, somatic sensory receptor cells, chemosensory 

neurons, peripheral glia and supporting cells. In this review, we summarize the transcriptional and 

signaling factors that regulate key steps of placode development, influence subsequent sensory 

neuron specification, and discuss what is known about mutations in some of the essential PPE 

genes that underlie human congenital syndromes.
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Introduction

The vertebrate head contains a number of specialized sensory organs that are derived from 

discrete patches in the embryonic ectoderm called cranial sensory placodes (reviewed by 

Webb and Noden, 1993; Baker and Bonner-Fraser, 2001; Streit, 2004, 2007; Schlosser 2006, 

2010; Patthey et al., 2014; Saint-Jeannet and Moody, 2014; Moody and Saint-Jeannet, 

2014). Cranial sensory placodes give rise to the anterior pituitary gland, the olfactory 

epithelium, the lens, the auditory and vestibular organs and their associated sensory ganglia, 

and in aquatic species the lateral line and electroreceptive organs and their associated 

sensory ganglia. In addition, placodes give rise to the large neurons in the sensory ganglia of 

the trigeminal, facial, glossopharyngeal and vagus cranial nerves. All of these structures are 

crucial for an animal to successfully interact with other animals and to navigate through its 

environment. Therefore, it is critically important that these structures develop properly and 

be replaced, either naturally or by medical intervention, when they are damaged. The focus 

of this review is to present our current understanding of the transcriptional and signaling 

pathways that transform a common pre-placodal precursor field into these diverse and 

highly specialized structures.

Experiments performed in a number of animals demonstrate that placode development is 

highly conserved across vertebrates (reviewed in Patthey et al., 2014; Saint-Jeannet and 

Moody, 2014). In chick, frog, fish and mouse, the embryonic ectoderm is divided into neural 

ectoderm and non-neural ectoderm during gastrulation. As this process is completed, the 

ectoderm surrounding the nascent neural ectoderm, called the neural border (NB) zone, is 

specified to give rise to the neural crest and the pre-placodal ectoderm (PPE) (Figure 1). 

During neural tube closure (called neurulation), signals that establish the anterior-posterior 

(A–P) axis of the embryo also impose regional identity on the PPE, and subsequent signals 

from adjacent tissues cause the PPE to separate into many discrete placodes that have 

distinct developmental fates. These placodes will then undergo morphogenetic movements 

and cellular differentiation processes that result in the numerous specialized sensory 

structures that characterize the vertebrate head.

One of the key outcomes of placode specification is the genesis of cranial sensory neurons. 

Chemosensory, auditory, proprioceptive, mechanoreceptive, and nociceptive neurons are 

generated from placode cells with distinct properties based upon transcriptional specification 

and subsequent programs of gene expression. These properties include: the acquisition of 

bipolar morphology with a “basal” receptive process (similar to a dendrite) specialized for 

sensory transduction, and an apical process (an axon) for transmitting information to the 

central nervous system. In addition, placode derived sensory neurons are capable of 

generating action potentials and/or vesicular neurotransmitter release, and thus must acquire 

a full range of molecular regulators of neuronal excitability. We will review data that 

indicates that these key neuronal properties, and therefore the specific identity of cranial 

sensory neurons, reflects transcriptional specification of placode precursors, definition of 

placode signaling centers, and subsequent interactions with adjacent neural crest derived 

mesenchymal cells. We will evaluate this issue by focusing on chemoreceptive olfactory 

sensory neurons that emerge from the olfactory placode during embryonic development. 

Olfactory receptor neurons are paradigmatic cranial sensory receptor neurons: they are 
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found in all animals, with remarkably similar cellular and molecular properties (Axel, 2005; 

Hallem and Carlson, 2004; Buck, 2000).

Over the past two decades a number of highly conserved transcription and signaling factor 

genes have been identified that are expressed at these different steps of placode 

development, allowing us to begin to understand the molecular pathways that induce and 

specify the fate of these important cells. We will review what is known regarding three steps 

of placode development: initial induction and specification of the pre-placodal field; 

subdividing the field into region-specific cranial placodes; and differentiation of some of the 

specialized cells (olfactory receptor cells and cranial ganglion sensory neurons). We will 

also review the contribution of some of the key genes involved in placode development to 

human congenital syndromes that include craniofacial and auditory defects.

Induction and specification of the pre-placodal field

Based on several experimental approaches, it is now widely accepted that the cranial sensory 

placodes are derived from a common precursor field in the embryonic ectoderm (reviewed 

in Streit, 2004, 2007; Schlosser 2006, 2010; Patthey et al., 2014; Saint-Jeannet and Moody, 

2014; Moody and Saint-Jeannet, 2014). Classic histological descriptions of cranial sensory 

placode formation identified the origin of all cranial placodes from a common precursor 

region called the pre-placodal ectoderm (PPE; also called the “pan-placodal region” or 

“common placodal field”), which is a U-shaped band of ectoderm that surrounds the anterior 

margin of the neural plate (von Kupffer, 1895; Platt, 1896; Knouff, 1935; reviewed in 

Schlosser, 2005) (Figure 1). Fate mapping studies in amphibians and chick also showed that 

all placodes originate from a common PPE field (Couly and LeDouarin, 1987; Couly and 

LeDouarin, 1990; Streit, 2002; reviewed in Schlosser and Ahrens, 2004; Streit, 2004; Pieper 

et al., 2011), and transplantation studies in frog and chick showed that the PPE is initially 

competent to give rise to all the different types of placodes (Jacobson, 1963; Groves and 

Bronner-Fraser, 2000). This pan-placodal competence appears to be regulated by a common 

molecular signature. At early stages of chick, frog, fish and mouse development, the entire 

PPE field expresses Six and Eya genes (Esteve and Bovolenta, 1999; Kobayashi et al., 2000; 

Pandur and Moody, 2000; David et al., 2001; Ghanbari et al., 2001; McLarren et al., 2003; 

Schlosser and Ahrens, 2004; Streit, 2004; Litsiou et al., 2005; Christophorou et al., 2009; 

Sato et al., 2010). In both frog and chick the expression domains of these pan-placodal genes 

overlap with the fate maps of the placodes (reviewed in Schlosser and Ahrens, 2004; Streit, 

2004; Pieper et al., 2011), and these genes are required for the proper development of 

several placodes and their derivatives (reviewed in Saint-Jeannet and Moody, 2014; Moody 

and Saint-Jeannet, 2014, and discussed in detail below). Furthermore, studies that explanted 

the PPE into culture to reveal its developmental potential in the absence of tissue 

interactions showed that a PPE molecular “ground” state must first be attained before a 

specific placode identity can be achieved (Martin and Groves, 2005; Bailey et al., 2006). We 

will first address how the pan-placodal field arises, and discuss the transcriptional program 

that both specifies the PPE molecular state and maintains its boundaries.
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Formation of the neural border zone

During gastrulation, the embryonic ectoderm is divided into two transcriptionally distinct 

fields: the neural ectoderm and the non-neural ectoderm (Figure 1). Interactions between 

these two fields and signals originating from the underlying mesodermal and endodermal 

tissues initiate the formation of an intervening zone of ectoderm with the potential to form 

the neural crest and the PPE, both of which make significant but distinct contributions to the 

peripheral nervous system. This neural border (NB) zone was experimentally confirmed by 

explanting pieces of neural plate into the epidermis; both neural crest-specific and PPE-

specific genes were induced at the border between the neural plate explant and the host 

epidermis (Selleck and Bronner-Fraser, 1995; Selleck and Bronner-Fraser, 2000; Mancilla 

and Mayor, 1996; Woda et al, 2003; Glavic et al., 2004; Litsiou et al., 2005; Ahrens and 

Schlosser, 2005). Several studies have shown that the NB zone initially expresses a distinct 

set of genes, called “NB-specifying” genes, that are required for the later expression of 

neural crest-specific and/or PPE-specific genes (reviewed in Meulemans and Bronner-

Fraser, 2004; Sargent, 2006; Park and Saint-Jeannet, 2010; Grocott et al., 2012). These 

include members of the Dlx, Msx, Pax and Zic families, as well as TFAP2α, GATA and Foxi 

genes. In most vertebrates examined, Dlx, Msx1, GATA, Foxi, and TFAP2α are expressed 

broadly in the non-neural ectoderm at blastula and gastrula stages, but their expression 

domains also overlap with the border of the neural ectoderm, which expresses SoxB1 and Zic 

genes (Figure 2) (reviewed in detail in Grocott et al., 2012; Groves and LaBonne, 2014). As 

the neural ectoderm thickens into an early neural plate, boundaries form between these 

expression domains: SoxB1 genes are confined to the neural plate, Zic genes span the lateral 

neural plate and medial NB zone, Msx1 and Pax3 become confined to the NB zone, and Dlx, 

GATA, Foxi and TFAP2α no longer overlap with neural ectoderm (Figure 2). At late neural 

plate/neurula stages, Msx1 and Pax3 become confined to the neural crest region, along with 

neural crest-specifying genes (FoxD3, Sox9/10, Snail2); in addition some Dlx genes and 

TFAP2α are newly expressed in the neural crest. The PPE expresses Six and Eya genes, and 

the epidermis expresses Dlx, GATA and Foxi genes (Figure 2). These changing expression 

patterns indicate that NB-specifying genes have dynamic roles in the transcriptional pathway 

that leads to PPE formation. What is the experimental evidence for their functions?

Distal-less related homeobox transcription factors, in particular Dlx3, Dlx5, and Dlx6, have 

two important functions in the NB zone (Figure 3): they are required for the expression of 

both neural crest and PPE genes, and they repress neural plate genes (Feledy et al., 1999; 

Beanan and Sargent, 2000; Luo et al., 2001a; Solomon and Fritz, 2002; Woda et al., 2003; 

McLarren et al., 2003; Kaji and Artinger, 2004; Esterberg and Fritz, 2009). In the neural 

plate transplantation experiments described above, both neural crest and PPE markers were 

induced only when Dlx gene activity was intact (Woda et al., 2003). It has been proposed 

that Dlx factors promote PPE formation by regulating a BMP antagonist in the NB zone 

(Esterberg and Fritz, 2009), and/or by interacting with GATA factors (Solomon and Fritz, 

2002; McLarren et al., 2003; Phillips et al., 2006; Pieper et al., 2012). However, Dlx and 

GATA factors are not equivalent in activity; while loss of either Dlx3 or GATA2 

significantly reduces PPE gene expression, only Dlx3 can expand PPE gene expression 

(Pieper et al., 2012). A PPE-specific enhancer in the Six1 gene contains putative binding 

sites for both GATA factors and homeodomain (HD) containing factors such as Dlx (Sato et 
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al., 2010). Mutating the GATA sites reduced expression of a Six1 enhancer-reporter 

construct, whereas mutating the HD sites eliminated it.

Other experiments indicate that Dlx also functionally interacts with Msx1 (Figure 3). Dlx 

and Msx expression domains partially overlap in the NB zone (Arkell and Beddington, 

1997; Feledy et al., 1999; McLarren et al., 2003; Schlosser and Ahrens, 2004; Monsoro-

Burq et al., 2005), and these proteins are known to inhibit each other through the formation 

of heterodimers (Zhang et al., 1997; Givens et al., 2005). Differential knock-down of these 

genes bias NB zone cells towards either a neural crest fate (Msx-high, Dlx-low) or a PPE 

fate (Msx-low, Dlx-high) (Phillips et al., 2006). GST assays with the PPE-specific Six1 

enhancer construct indicates that both Dlx5 and Msx1 can bind to the HD sites, and reporter 

assays indicate that Dlx5 activates Six1 whereas Msx1 represses it (Sato et al., 2010). Msx1 

activates two other NB-specifying genes: Pax3 and Zic1 (Figure 3). Interactions between 

Pax3 and Zic1 are well known to initiate neural crest gene expression (Tribulo et al., 2003; 

Monsoro-Burq et al., 2005; Sato et al., 2005). By manipulating the timing of Pax3 

expression with inducible constructs, Hong and Saint-Jeannet (2007) showed that Pax3 has 

an early role in forming the NB zone and a later role in neural crest specification when co-

expressed with Zic1; alternatively, expression of Zic1 in the absence of Pax3 leads to PPE 

gene expression (Figure 3).

Foxi1 and TFAP2α also are required for both neural crest and PPE formation (Figure 3). 

Loss of Foxi1 in Xenopus embryos expands neural plate (Sox2) and reduces NB-specifying 

(Dlx), neural crest (FoxD3), PPE (Six1) and epidermis (keratin) genes; in gain-of-function 

experiments Sox2, FoxD3 and Six1 were reduced whereas Dlx and keratin were up-regulated 

(Matsuo-Takasaki et al., 2005). By utilizing a hormone-inducible version of Foxi1, these 

authors showed that it is the gastrula stage expression of Foxi1 that regulates NB zone 

formation. TFAP2α is a key regulator of epidermis genes (Nguyen et al., 1998; Luo et al., 

2002; Luo et al., 2003; Zhang et al., 2006). Loss of TFAP2α down-regulates epidermis 

(keratin), NB-specifying (Msx1, Pax3), neural crest (FoxD3, Slug, Sox9), and PPE (Six1, 

Eya1) genes, and up-regulates neural plate genes; the opposite phenotypes are observed with 

gain-of-function experiments (Luo et al., 2002; Hoffman et al., 2007; Li and Cornell, 2007; 

de Croze et al., 2011). Epistasis analyses show that TFAP2α acts upstream of other NB-

specifying genes, with Pax3 being a direct transcriptional target (Luo et al., 2002; de Croze 

et al., 2011).

These studies indicate that transcriptional interactions between the NB-specifying genes lead 

to a NB transcriptional state from which either neural crest or PPE cells can arise, depending 

upon the timing and combinations of genes that are expressed (Figures 2, 3). A recent study 

showed that a maintained expression of TFAP2α, Foxi1 and GATA in the NB zone is 

required for PPE formation, and this is accomplished by cross-regulation between these 

factors after local BMP signaling is attenuated (Bhat et al., 2013). Likewise, in human 

embryonic stem cell cultures, the expression of TFAP2α, GATA and DLX genes must 

precede the expression of PPE genes for placode cells to differentiate (Leung et al., 2013). 

Thus, the NB zone transcriptional state appears to set the stage for PPE-specific gene 

expression.
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Induction of the PPE genes by signaling factors

After the NB zone is established, signals from the local environment induce a distinct set of 

PPE-specific transcriptional regulators, in particular members of the Six and Eya gene 

families (reviewed in Bhattacharyya and Bronner-Fraser, 2004; Schlosser and Ahrens, 2004; 

Streit, 2004; Grocott et al., 2012; Saint-Jeannet and Moody, 2014; Moody and Saint-Jeannet, 

2014). Although the neural plate grafting experiments discussed above indicate that 

interactions between the neural and non-neural ectoderm are necessary for the induction of 

PPE genes, ablation and transplantation experiments also show that they are not sufficient. 

Experiments in chick and Xenopus showed that head mesoderm provides an additional, 

required, PPE-inducing signal (Litsiou et al., 2005; Ahrens and Schlosser, 2005). Both 

studies identified fibroblast growth factor (FGF) as the likely additional signal (Figure 3); 

FGF also promotes PPE gene expression in fish (Esterberg and Fritz, 2009; Kwon et al., 

2010). Consistent with these findings, endogenous FGFs are expressed in the adjacent head 

mesoderm and anterior neural ridge (Shamim and Mason, 1999; Ohuchi et al., 2000; 

Eagleson and Dempewolf, 2002; Ahrens and Schlosser, 2005; Shim et al., 2005). However, 

several studies also showed that FGF signaling alone is not sufficient to induce PPE genes 

(Phillips et al., 2001; Maroon et al., 2002; Leger and Brand, 2002; Liu et al., 2003; Solomon 

et al., 2004; Litsiou et al., 2005; Ahrens and Schlosser, 2005). It appears that the level of 

FGF signaling is important: while low levels of FGF signaling promote PPE fate, high levels 

inhibit it (Brugmann et al., 2004; Hong and Saint-Jeannet, 2007). Grocott et al. (2012) 

propose that FGF promotes PPE formation by both inhibiting PPE-repressing factors and 

up-regulating PPE-specific gene expression. However, this transcriptional control may not 

be direct because two recently characterized PPE-specific enhancers of Six1, which are 

conserved across humans, mouse, chick and frog, do not contain any obvious FGF pathway 

binding sites (Sato et al., 2010; Sato et al., 2012). Study of other enhancers is warranted, 

therefore, to elucidate how the FGF pathway may regulate the expression of the Six1 gene, 

as well as other PPE-specific genes.

Bone morphogenetic protein (BMP) signaling plays important roles in both NB zone and 

PPE gene induction (Figure 3). Most NB-specifying genes are induced by BMP (Suzuki et 

al., 1997; Luo et al., 2001a; Luo et al., 2001b; Luo et al., 2003; Tribulo et al., 2003; Bhat et 

al., 2013). Maintained high BMP levels promotes an epidermal fate, whereas subsequent 

lower levels of BMP signaling, experimentally accomplished by expressing either dominant-

negative BMP receptors or BMP antagonists, preferentially expand PPE gene expression 

domains (Brugmann et al., 2004; Glavic et al., 2004; Ahrens and Schlosser, 2004; Litsiou et 

al., 2005; Kwon et al., 2010). In fact, in order for FGF8 to induce PPE genes in the non-

neural ectoderm the level of BMP signaling in the epidermis that activates the NB-

specifying and epidermal genes, must be reduced (Ahrens and Schlosser, 2004). BMP levels 

also can distinguish between induction of neural crest versus PPE fate in Xenopus 

ectodermal explants (Brugmann et al., 2004), and BMP levels that induce a neural crest fate 

activate TFAP2α alone, whereas BMP levels that induce a PPE fate activate TFAP2α plus 

Foxi1 and Gata3 (Bhat et al., 2013). The timing of the BMP signaling also is critical (Figure 

3). In fish, high levels of BMP at gastrula stages activate NB-specifying genes, whereas at 

neural plate stages lower levels of BMP are necessary to activate PPE genes (Kwon et al., 

2010; Bhat et al., 2013). Similarly, human embryonic stem cells directed to a placode fate 
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require an early pulse of BMP to activate NB-specifying genes, and a later attenuation of 

BMP signaling to activate PPE genes (Leung et al., 2013; Dincer et al., 2013).

Wnt signaling appears to antagonize PPE induction (Figure 3). In both chick and Xenopus 

embryos, elevated Wnt signaling represses PPE genes, whereas reducing it expands the PPE 

(Brugmann et al., 2004; Litsiou et al., 2005; Matsuo-Takasaki et al., 2005; Hong and Saint-

Jeannet, 2007). Secreted anti-Wnt factors are highly expressed in the anterior neural plate 

and the underlying chordomesoderm (Bradley et al., 2000; Pera and De Robertis, 2000; 

Carmona-Fontaine et al., 2007; Takai et al., 2010), which may account for the restriction of 

PPE gene expression to the ectoderm surrounding the anterior neural plate (Figure 1). In 

chick NB zone explants, if Wnt signaling is attenuated in the presence of low BMP, placode 

markers are expressed, whereas if Wnt signaling persists with low BMP, neural crest 

markers are expressed (Patthey et al., 2008, 2009). In fact, it appears that a pulse of FGF in a 

BMP low/Wnt Low environment is the most effective means of inducing PPE genes (Litsiou 

et al., 2005). These authors propose that the FGF pulse confers a “neural border” state on the 

ectoderm, and that those cells within the NB zone that are protected from Wnt signaling 

become PPE whereas those that are exposed to Wnt signaling become neural crest. It is 

interesting to note that one of the conserved PPE-specific enhancers of Six1 contains a Wnt/

Lef1 site (Sato et al., 2012); this suggests that Wnt regulation of Six1 may be direct but this 

site needs to be functionally tested.

Another important signal in PPE formation is retinoic acid (RA). Raldh2, the RA-

synthesizing enzyme, is expressed in a discrete U-shaped ectodermal domain around the 

anterior neural plate that appears coincident with the PPE (Chen et al., 2001). Decreasing 

RA signaling during PPE formation expands the posterior limit of a similar U-shaped FGF8 

expression domain in the cranial mesoderm (Shiotsugu et al., 2004), suggesting that 

endogenous RA contributes to limiting the PPE to the head (Figures 1, 4). This may be 

accomplished via the differential expression of two RA-regulated genes: Tbx1, a T-box 

transcription factor, and Ripply3/Dscr6, a Groucho-associated co-repressor (Arima et al., 

2005). Ripply3 and Tbx1 expression domains in the PPE partially overlap; in regions where 

only Tbx1 is expressed, PPE genes are induced, whereas in regions where Tbx1 and Ripply3 

overlap, PPE genes are repressed (Janesick et al., 2012). Thus, RA signaling appears to be 

required for the formation of the posterior, Tbx1-positive part of the PPE, and for restricting 

the posterior boundary of the PPE by co-inducing Ripply3 (Figure 4).

PPE transcriptional regulators

Six and Eya genes were among the first transcriptional regulators to be implicated in placode 

development because they are expressed in the classically described U-shaped PPE domain 

that surrounds the anterior neural plate (Figure 1) (Esteve and Bovolenta, 1999; Kobayashi 

et al., 2000; Pandur and Moody, 2000; David et al., 2001; Ghanbari et al., 2001; McLarren 

et al., 2003; Bessarab et al., 2004; Schlosser and Ahrens, 2004; Sato et al., 2010). Functional 

studies in several animals have since demonstrated that several members of these two gene 

families have important roles in the initial specification of the PPE and the formation and 

differentiation of many of its derivatives.
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Drosophila Sine oculis (SO), which is essential for fly visual system formation (Cheyette et 

al., 1994; Serikaku and O’Tousa, 1994), is the founding member of the highly conserved Six 

(Sine oculis homeobox) gene family. There are 6 vertebrate Six genes that are clustered into 

two groups (Six1/Six4/Six6 and Six2/Six3/Six5) on two separate chromosomes; these are 

closely syntenic in frog, mouse and human and slightly rearranged in chick and zebrafish 

(Moody and Saint-Jeannet, 2014). The proteins are functionally grouped into three sub-

families (Six1/Six2; Six3/Six4; Six5/Six6) based on sequence variations in both the 

homeodomain (HD), which binds to DNA, and the Six domain (SD), which binds to co-

factors that regulate DNA binding specificity and protein activity (Pignoni et al., 1997; 

Kawakami et al., 2000; Kobayashi et al., 2001). Six genes play major roles in eye, muscle, 

kidney, genital, limb and craniofacial development (Kawakami et al., 1996; Brodbeck and 

Englert, 2004). Although Six3 plays an important role in lens differentiation (e.g., Oliver et 

al., 1996), we will not consider it further because it is not expressed in the PPE or in other 

placodes, and its function in lens development is discussed in detail elsewhere (Ogino et al., 

2012). Instead, we will focus on the three members of the family (Six1, Six2, Six4) that are 

strongly expressed in the PPE, placodes, and numerous placode derivatives (reviewed by 

Brugmann and Moody, 2005).

Several experiments indicate that Six1 plays a central role in PPE and placode development. 

Six1 loss-of-function in Xenopus results in reduced expression of other early PPE markers 

(Eya1, Sox11, Sox2/3) (Brugmann et al., 2004; Schlosser et al., 2008). In another study that 

reduced Six1 activity by repressing Six1 targets, placode-specific gene expression likewise 

was lost, and the otic placode was malformed (Christophorou et al., 2009); in fish and 

mouse, Six1 knock-down also resulted in inner ear defects (Bricaud and Collazo, 2006; 

Bricaud and Collazo, 2011; Oliver et al., 1995; Laclef et al., 2003; Zheng et al., 2003; Ozaki 

et al., 2004; Zou et al., 2004; Konishi et al., 2006). Although Six1 is expressed in the mouse 

PPE (Sato et al., 2010), its loss only appears to affect later stages of placode development 

(e.g., Ikeda et al., 2007, 2010; Chen et al., 2009). This lack of an early phenotype may be 

due to gene redundancy because in contrast, the olfactory placode does not form in Six1/Six4 

compound null mice (Chen et al., 2009). Gain-of-function experiments in both chick and 

frog demonstrate that Six1 up-regulates early-expressed PPE genes and represses epidermal, 

neural crest and neural plate genes (Brugmann et al., 2004; Christophorou et al., 2009). 

However, ectopic expression of Six1 outside the NB zone is not sufficient to induce other 

PPE markers (Brugmann et al., 2004; Schlosser et al., 2008; Christophorou et al., 2009), 

confirming that the appropriate signaling environment of the NB zone (Figure 3) is 

necessary to induce PPE gene expression.

Although Six2 and Six4 are frequently used as PPE and placode markers in a number of 

animals, their functional roles have not yet been described in any detail. Placode deficiencies 

have not been reported in either Six2-null or Six4-null mice (Ozaki et al., 2001; Self et al., 

2006), but this may be due to redundant functions between the family members. It will be 

important to elucidate the cooperative roles of Six1, Six2 and Six4 in PPE and placode 

development, particularly because they are known to have distinct roles in muscle 

differentiation and kidney development (Ohto et al., 1998; Spitz et al., 1998; Fougerousse et 

al., 2002; Xu et al., 2003; Brodbeck and Englert, 2004; Himeda et al., 2004).
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Six proteins can bind to co-factor proteins that do not bind to DNA on their own, but 

nonetheless modulate Six transcriptional activity (Zhu et al., 2002; Tessmar et al., 2002; 

Giot et al., 2003; Brugmann et al., 2004; Bricaud and Collazo, 2011). The best studied 

vertebrate Six co-factors are the four members of the Eya family; they are homologous to 

Drosophila Eyes absent (Eya), which plays an essential role in fly eye development as a SO 

co-factor (Bonini et al., 1993). Like the Six genes, vertebrate Eya genes are expressed in 

numerous embryonic tissues, including the eyes, muscles, kidneys, the PPE and placodes 

(Duncan et al., 1997; Xu et al., 1997; Sahly et al., 1999; David et al., 2001; Ishihara et al., 

2008; Neilson et al., 2010; Modrell and Baker, 2012). In Xenopus, chick and fish, the 

expression patterns of Eya1 and Eya2 are nearly identical to that of Six1 (Sahly et al., 1999; 

David et al., 2001; McLarren et al., 2003; Bane et al., 2005; Neilson et al., 2010), suggesting 

that they have important roles in PPE and placode development. Eya proteins contain a 

highly conserved protein-binding domain called the Eya domain (ED) located at the C-

terminus. In Drosophila, the ED interacts with the SD of the SO protein (Pignoni et al., 

1997). In vertebrates, the interaction between the Six1 SD and the Eya1 ED is essential for 

Eya1 nuclear translocation and for exerting the transcriptional function of the complex 

(Ohto et al., 1999; Ikeda et al., 2002; Patrick et al., 2013). It should be kept in mind, 

however, that Eya1 can bind to several other proteins, so its function is likely not restricted 

to the Six1 transcriptional pathway (Heanue et al., 1999; Ohto et al., 1999; Giot et al., 2003; 

Kenyon et al., 2005). Eya also functions as a phosphatase (Rayapureddi et al., 2003; Tootle 

et al., 2003), which impacts whether the Six1 transcriptional complex activates or represses 

targets (Li et al., 2003), and as a substrate for mitogen-activated protein kinase (Hsiao et al., 

2001). There have been several Eya1 loss- and gain-of function studies in Xenopus, fish and 

mouse (Johnson et al., 1999; Xu et al., 1999; Xu et al., 2002; Zou et al., 2004; Nica et al., 

2006; Zou et al., 2006b; Li et al., 2010). Although defects are seen in various placode 

derivatives, to our knowledge no study has addressed the role of this protein in PPE 

formation. To date, Eya2-null mouse phenotypes have not been reported and while Eya3-

null mice have behavioral abnormalities consistent with its regulation of neural plate cell 

survival in Xenopus (Kriebel et al., 2007), craniofacial deficits were not noted (Soker et al., 

2008). Loss of Eya4 in fish and mouse results in inner ear defects (Schonberger et al., 2005; 

Depreux et al., 2008; Wang et al., 2008). Sorting out the distinctive and/or overlapping roles 

of the different Eya proteins will be important for understanding how these proteins 

contribute to the transcriptional regulations of placode development.

Another well-described interactor with Six proteins is Groucho. Six1/Six2 can act as both 

transcriptional activators and repressors, depending on the presence of Eya or Groucho co-

factors (Silver et al., 2003). Using activating (Six1VP16) and repressing (Six1EnR) Six1 

constructs, it was shown that Six1 transcriptionally activates PPE genes in cooperation with 

Eya1, and transcriptionally represses epidermal and neural crest genes in cooperation with 

Groucho (Brugmann et al., 2004; Christophorou et al., 2009). In the fish otocyst, Groucho is 

required (Bajoghli et al., 2005). Further, combined Six1/Eya1 activation of target genes is 

required for hair cell fate, whereas combined Six1/Groucho repression of target genes is 

required for neural cell fate (Bricaud and Collazo, 2011). Because both Eya and Groucho 

genes are endogenously expressed in the PPE, these data indicate that Six1 functions in PPE 
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development as both a transcriptional activator and a repressor, depending on the co-factor 

with which it interacts.

Several lines of evidence indicate that there are likely to be additional modifiers of Six 

transcriptional activity that are developmentally relevant to PPE and placode development. 

We embarked on a screen of vertebrate homologues of reported novel fly SO-interactors 

(Giot et al., 2003; Kenyon et al., 2005) because the SD of fly SO differs by only four non-

conserved amino acids from the SD of Xenopus and human Six1/Six2. We identified 

Xenopus genes with amino acid sequences homologous to 20/25 of the fly SO-interactors. 

We analyzed the expression patterns of the homologues of 11 of the fly genes, and found 

that most overlap extensively in the PPE and placodes with Six1 (Neilson et al., 2010). To 

date, functional data are only available for one of these: Sine oculis binding protein (Sobp). 

In fly, this protein is co-expressed with SO in the eye imaginal disc where its misexpression 

interferes with normal eye neurogenesis (Kenyon et al., 2005). In mouse, a recessive 

mutation in Sobp caused abnormal cochlear development (Chen et al., 2008), and in humans, 

a truncating mutation of SOBP caused craniofacial abnormalities in a family in which one 

member had hearing loss (Basel-Vanagaite et al., 2007; Birk et al., 2010). There also are 

likely to be protein regulators that modify Six1 function by binding to or modifying the 

activity of Eya (or other putative co-factors). For example, Dachshund (Dac), which has an 

important role in Drosophila eye development in cooperation with Eya and SO (Chen et al., 

1997), binds to both Eya and DNA, but does not have a direct interaction with SO. 

Vertebrate Dac is expressed widely in embryonic tissues, including placodes (McLarren et 

al., 2003; Schlosser, 2006; Grocott et al., 2012), and can regulate the transcriptional 

effectiveness of Six/Eya complexes (Heanue et al., 1999; Ikeda et al., 2002; Li et al., 2003). 

However, a specific role for Dac or for other potential members of the Six/Eya 

transcriptional complex in PPE and placode development remains to be revealed.

Based on studies showing that kidney development is regulated by a transcriptional network 

that includes Six, Eya, Pax and Fox genes (reviewed in Brodbeck and Englert, 2004), it was 

proposed that a similar network might regulate sensory placode development (Bhattacharyya 

and Bronner-Fraser, 2004). At the time there was only sufficient evidence for the lens 

placode, so an update is warranted. As discussed above, Pax3 and Foxi1 are important for 

NB zone formation, and Six and Eya are critical for PPE and placode development. Explant 

studies suggest that a PPE-wide molecular ground state includes expression of Pax6 (Bailey 

et al., 2006), and, as we will discuss below, Pax genes are critical in conferring individual 

placode identity. Foxi1 and Foxi3 are important for otic placode development (Nissen et al., 

2003; Solomon et al., 2003; Ohyama and Groves, 2004; Khatri and Groves, 2013), Foxe3 

for lens placode development (Kenyon et al., 1999; Brownell et al., 2000; Ogino et al., 

2012) and Foxg1 is expressed in all placodes in the mouse and plays a role in olfactory and 

auditory development (Hatini et al., 1999; Pauley et al., 2006; Duggan et al., 2008; Hwang 

et al., 2009; Kawauchi et al., 2009). Thus, there is little doubt that Six/Eya/Pax/Fox genes 

are important regulators in PPE and placode development. However, their epistatic and 

transcriptional relationships have not yet been clearly delineated. Furthermore, there are 

certain to be numerous additional members of the PPE/placode regulatory network. For 

example, Sox, Irx, and Tbx genes have been experimentally placed in the pathway 
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(Brugmann et al., 2004; Schlosser and Ahrens, 2004; reviewed in Streit, 2004; Grocott et al., 

2012). In Drosophila, SO is known to directly regulate several genes required for eye 

formation (reviewed in Jusiak et al., 2014) that also are involved in placode development. 

These include: eyeless (vertebrate Pax6; involved in PPE ground state and anterior 

placodes), dac (see above), atonal (vertebrate Atoh1-8; involved in placode neurogenesis), 

prospero (Prox1/2; involved in vertebrate lens development; Mizuno et al., 1999; Wigle et 

al., 1999), and hedgehog (vertebrate Shh, involved in adenohypophyseal placode 

development; reviewed in Saint-Jeannet and Moody, 2014). A ChIP-Seq analysis of SO 

binding to DNA isolated from developing fly eye-antennal imaginal discs identified nearly 

6,000 putative SO target genes, over half of which do not have a described function in eye 

development (Jusiak et al., 2014). Although flies do not have the equivalent of cranial 

sensory placodes, we speculate that some of these genes may prove important in the 

transcriptional regulation of vertebrate placode development because of the significant 

conservation of many gene regulatory networks between flies and vertebrates. Using a 

different approach, we recently conducted an expression screen to identify potential new 

targets of Six1 in Xenopus ectodermal explants, and identified 72 up-regulated and 58 down-

regulated genes (Yan et al., 2014). Like the fly study, most candidates are of unknown 

function, but over 30 of these genes are expressed in the PPE and placodes, suggesting they 

may be part of the placode transcriptional network. Functionally analyzing these new 

putative SO/Six1 targets in both flies and vertebrates is likely to significantly advance our 

understanding of the PPE regulatory state.

The PPE transcriptional regulators have two important roles. They set the transcriptional 

landscape for subsequent development into specific placodes with distinct fates (Figure 4; to 

be discussed below). Additionally, they maintain the boundaries between the PPE, neural 

crest and epidermis (Figure 2). Several studies have shown that the expression domains of 

transcription factors that are initially broad and overlapping become discrete stripes with 

distinct boundaries (reviewed in Schlosser and Ahrens, 2004; Streit, 2004; Schlosser, 2006; 

Groves and LaBonne, 2014; Moody and Saint-Jeannet, 2014). The formation of expression 

domains with sharp boundaries suggests that these factors are mutually repressive. There is a 

lot of experimental support for this idea. For example, in embryo gain-of-function assays 

Dlx5/6 and Zic2 both repress Six1, and Six1 represses Dlx5/6 and Zic2 (Woda et al., 2003; 

Brugmann et al., 2004). Epidermal, neural crest, and neural plate genes have mutually 

repressive interactions with Six1 (Brugmann et al., 2004; Matsuo-Takasaki et al., 2005; 

Christophorou et al., 2009). Thus, after the fates of the four major ectodermal sub-domains 

are specified and express unique sets of transcription factors, these same factors appear to 

continue as maintenance factors to preserve the boundaries between the sub-domains 

(Figures 2 and 3). However, experiments that control the timing and spatial localization of 

gene expression are needed to fully understand the molecular interactions that establish and 

maintain the boundaries between the different ectodermal sub-domains.
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Breaking the PPE into individual placodes with different developmental 

fates

After the PPE is established as a separate sub-domain in the embryonic ectoderm with 

distinct boundaries from the other sub-domains (epidermis, neural crest, neural plate), the 

tissue undergoes several steps of regionalization (reviewed in Bailey and Streit, 2006; 

Grocott et al., 2012; Groves and LaBonne, 2014; Saint-Jeannet and Moody, 2014). Classical 

work in amphibians demonstrated that when pieces of PPE were transplanted to novel sites 

at early stages, they gave rise to placodes that were appropriate for their new A-P position, 

whereas when transplanted later they gave rise to placodes that were appropriate for their 

original A-P position (Jacobson, 1963). These results indicate that cells within the PPE are 

initially competent to form any placode, and only after interactions with adjacent tissues at 

specific A-P addresses do they become specified to particular placode fates (Jacobson, 

1966). This idea has since been supported in chick, frog and fish by similar transplantation 

studies using molecular markers (Streit, 2002; Bhattacharyya et al., 2004; Toro and Varga, 

2007; Xu et al., 2008; Ladher et al., 2010; Pieper et al., 2011). Although the early PPE is 

competent to form all types of placodes and has a unified molecular ground state, a few 

hours later it begins to acquire separate anterior (adenohypophyseal, olfactory, lens), 

intermediate (trigeminal) and posterior (otic, lateral line, epibranchial) domains (Figure 4). 

Fate mapping studies show that at late PPE stages precursors of anterior and posterior 

regions begin to sort out (Streit, 2002; Bhattacharyya et al., 2004; Dutta et al., 2005; Toro 

and Varga, 2007; Xu et al., 2008; Ladher et al., 2010; Pieper et al., 2011), concomitant with 

the differential expression of several sets of transcription factors that are placode-specific 

(Figure 4). What are the transcriptional and signaling factors that regulate this process? 

Similar to the program that regulates developmental patterning of the neural tube and the 

neural crest, the PPE appears to first undergo A-P patterning and then subsequent 

regionalization due to interactions with nearby signaling centers that maintain or repress 

specific sets of transcription factors.

One potential mechanism that accomplishes A-P regionalization of the PPE is the 

differential regulation of Six gene expression. An in-depth analysis of Six1 enhancers 

identified a genomic region that is conserved across tetrapods and activates reporter 

expression only in the anterior PPE (Sato et al., 2010). Although a posterior-specific 

enhancer was not identified, there are other conserved enhancers that are active in 

combinations of the PPE sub-domains: intermediate + posterior; adenohypophyseal + 

posterior; anterior + posterior (Sato et al., 2012). It will be very important to identify the 

factors that bind to these enhancers to determine the direct regulators of region-specific 

expression of Six1. Evidence from Xenopus implicates RA signaling for posterior Six1 

expression. First, the most posterior lateral line and epibranchial placodes form posterior to 

the initial Six1/Eya1 PPE expression domain, and they only express Six1/Eya1 during 

neurulation (Schlosser and Ahrens, 2004). This later, posterior expression is likely to occur 

in response to RA regulation of Rippley3/Tbx1 expression described above (Janesick et al., 

2012) (Figure 4). Another potential mechanism for A-P regionalization of the PPE is the 

differential expression of Otx2 and Gbx2 (Steventon et al., 2012). Otx2 is expressed in the 

anterior PPE domain, Gbx2 in the posterior PPE domain, and where their expression 
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overlaps in the intermediate PPE domain both genes are down-regulated by their mutual 

inhibition (Figure 4). How this patterned expression is regulated is not yet understood, but 

there is evidence that differential responsiveness to BMP signaling may be involved (Sjödal 

et al., 2007). Also, there is evidence for differential responsiveness to Wnt signaling. For 

example, in axin1 mutant fish that harbor increased Wnt activity, the most anterior placodes 

are lost and the posterior placodes are expanded (Heisenberg et al., 1996). In Xenopus 

ectodermal explants, an anterior placode gene (Dmrt4) can be induced by co-expression of 

FGF8 and Noggin (an anti-BMP factor), but adding Wnt to the cocktail only induces a 

posterior placode gene (Pax8) (Park and Saint-Jeannet, 2008).

Other genes that are initially expressed broadly in the PPE also gradually become restricted 

to mostly anterior (e.g., Six3, Six6, Pitx3) versus mostly posterior (e.g., Dlx, Irx, Tbx, Foxi3) 

placodes (Figure 4) (Khatri and Groves, 2003; Schlosser and Ahrens, 2004; Schlosser, 2006; 

Sjödal and Gunhaga, 2008; reviewed in Grocott et al., 2012). This may be in direct response 

to differential expression of Otx2 and Gbx2. But, it is generally accepted that local signals 

from underlying mesodermal and endodermal tissues, including specific combinations of 

BMP, FGF, Wnt, and RA signaling, significantly contribute to placode-specific 

transcriptional identity (reviewed in detail in Baker and Bronner-Fraser, 2001; Schlosser and 

Ahrens, 2004; Streit, 2004; Schlosser, 2006; Saint-Jeannet and Moody, 2014). Some 

signaling pathways appear to be unique for certain placodes, including: Sonic Hedgehog 

(adenohypophyseal; Lewis et al., 1999; Treier et al., 2001; Herzog et al., 2003); 

Somatostatin/Nociceptin (olfactory, lens; Llera-Forero et al., 2013); Platelet Derived Growth 

Factor (trigeminal; McCabe and Bronner-Fraser, 2008) and Notch (otic and epibranchial; 

Abello et al., 2007; Jayasena et al., 2008).

One result of local signaling is region-specific induction of different members of the Pax 

gene family (Baker and Bronner-Fraser, 2001; Schlosser and Ahrens, 2004). As shown in 

Figure 4, Pax genes are differentially expressed: Pax6 in anterior placodes, Pax3 in the 

ophthalmic part of the trigeminal placode, and Pax2 and Pax8 in posterior placodes. In fact, 

the appropriate Pax genes are expressed in the PPE domains that fate map to these specific 

placodes prior to placode separation (Pieper et al., 2012; Grocott et al., 2012), suggesting 

that they are involved in initiating placode identity. Experimental results support this 

conclusion: transplantation experiments indicate that the onset of Pax expression correlates 

with the acquisition of placode identity (Baker et al., 1999; Baker and Bronner-Fraser, 

2000); numerous loss-of-function studies show that the Pax genes are required for the 

development of these respective placodes (e.g., Hans et al., 2004; Mackereth et al., 2005; 

Dude et al., 2009; Shaham et al., 2012); and placode domains segregate by mutual 

repression between the Pax genes (Wakamatsu, 2011; reviewed in Grocott et al., 2012).

Regulation of cellular differentiation

Some genes that are broadly expressed in the PPE (e.g., Six, Eya, Dlx, Foxi, Irx), or are 

critical for setting up individual placode identity (Pax) have maintained expression in 

placodes as they differentiate. For example, Six and Eya genes are expressed in each 

neurogenic placode but repressed in the non-neural lens placode. This suggests that PPE 

genes have additional, later roles in regulating the differentiation of placode precursor cells 
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into the distinct cell types found in the mature placode-derived organs. The transcriptional 

networks for some placodes are dealt with in detail elsewhere (adenohypophysis, Pogoda 

and Hammerschmidt, 2007; lens, Charlton-Perkins et al., 2011, Ogino et al., 2012; lateral 

line, Chitnis and Nogare, 2014). Herein, we focus on two programs of differentiation: the 

olfactory receptor neurons and the sensory neurons in the ganglia of the trigeminal and 

epibranchial cranial nerves.

Specifying Olfactory Receptor Neurons

The transcriptional and signaling mechanisms that establish the PPE, the NB zone and 

resulting placode subdomains result in a remarkable dual end-point: the definition of 

organizer regions that will drive subsequent sensory neuron differentiation (Richman and 

Tickle, 1989; 1992; LaMantia et al., 1993; 2000; Shou et al., 2000; Kawauchi et al., 2005), 

as well as the precursor populations whose fate will be determined by local signaling from 

those organizers. This key outcome for placode development is demonstrated dramatically 

by the olfactory placode, which emerges as a distinct ectodermal domain as initial 

generation of placodes draws to a close—approximately E9.0 in the mouse (Figure 5). Once 

the olfactory placodal ectoderm is established, a series of inductive events follows that 

drives olfactory epithelial (OE) and olfactory receptor neuron (ORN) differentiation, via 

signaling within the ectoderm as well as signaling between ectodermal and mesenchymal 

compartments.

Placode specification alone—establishment of the PPE and subsequent definition of distinct 

placodes—does not yield a population of neural stem cells capable of generating ORNs and 

related neuronal classes (including the GnRH neurons that are generated in the olfactory 

placode and migrate to the hypothalamus during early embryogenesis; Wray, 2010). 

Separating the olfactory placodal ectoderm from the underlying neural crest derived 

mesenchyme at E9.0 in the mouse prior to initial morphogenesis and neurogenesis in the 

olfactory placode, results in a failure of OE and ORN differentiation in vitro (LaMantia et 

al., 2000; Bhasin et al., 2003; Rawson et al., 2010). Similarly, mutation of Pax6 disrupts the 

migration of neural crest derived mesenchyme as well as the capacity of placodal ectoderm 

to generate ORNs (Grindley et al., 1994; Anchan et al., 1996; LaMantia et al., 2000). In 

contrast, when olfactory placodal ectoderm and neural crest-derived frontonasal 

mesenchyme are apposed to one another, a fully patterned OE with a coherent olfactory 

nerve emerges (Figure 5). This patterning includes, critically, the restriction and up-

regulation of Sox2 in the placodal ectoderm, as well as the induction of Meis1, which 

identifies a population of slowly dividing precursors in the nascent OE (Figure 5). Over the 

next 48 hours, the transcriptional profile of precursor cells in the OE diversifies further. Key 

factors that influence specification of the PPE, including Six1 and Sox2 remain in subsets of 

OE progenitors. The putative stem cells, found primarily in the lateral portion of the OE, 

express high levels of Meis1, Pbx1/2/3 and Pax7, low levels of Sox2 and high levels of Six1 

(Ikeda et al., 2007, 2010; Chen et al., 2009; Tucker, 2010). In contrast, the presumed transit 

amplifying cells, found in the medial portion of the OE, express reversed levels of Sox2 

(high) and Six1 (low). Pax6 is expressed throughout the medial region, and subsets of cells 

express bHLH neurogenic genes (Ascl1, Ngn1, NeuroD1). Differentiating ORNs and GnRH 

neurons also are found in the medial portion of the OE. Thus, the placodal ectoderm 
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established by E9.0 in the mouse as a fairly uniform transcriptional field acquires within two 

days a stunning degree of transcriptional diversity that parallels precursor classes that have 

the capacity to generate ORNs and other OE neuronal classes.

It seemed likely that the key facilitator of this rapid and dramatic acquisition of cellular 

diversity and identity were signals exchanged between the placodal ectoderm—especially 

the “organizer” domains established as the placodal ectoderm is defined—and the adjacent 

neural crest-derived mesenchyme that accumulates between E8.0 and E9.0 in the mouse. 

FGF and BMP domains that emerge during early placode formation are potential sources of 

signals for further cellular differentiation. Their action on the underlying mesenchyme likely 

drives the capacity of the mesenchyme to support further signaling to the OE. Accordingly, 

we asked whether the epithelial and mesenchymal tissues that constitute the nascent 

olfactory primordium (which will form not only the OE and ORNs, but cartilaginous 

structures of the nose itself) during early gestation in the mouse (E9.0) interact via cardinal 

morphogenetic signals, particularly FGFs (LaMantia et al., 2000; Kawauchi et al., 2005; 

Balmer et al., 2005; Tucker et al., 2010; Lassiter et al., 2014), BMPs (Shou et al., 2000; 

LaMantia et al., 2000), and RA (LaMantia et al., 1993; LaMantia et al., 2000; Bhasin et al., 

2003) to facilitate ORN differentiation. Our results are quite clear: these signals, available 

from distinct zones in the olfactory placodal ectoderm and frontonasal mesenchyme, 

influence axial patterning and neuronal differentiation in the OE (Figure 5).

The identity of OE stem cells that generate the initial embryonic OE neuronal lineage 

remained uncertain until recently. For several decades, the location and cellular 

characteristics of embryonic OE stem cells—slowly, symmetrically dividing stem cells in a 

specific location or niche within the OE that have the capacity to generate all differentiated 

cell types of the mature tissue—were undefined. Initial localization studies indicated that 

progenitors expressed neuronal bHLH transcription factors, including Ascl1, NeuroG1, and 

NeuroD1, which were important for OE neurogenesis. From earliest observations 

(Guillemot et al., 1993) through several studies of loss-of-function mutants (Cau et al., 1997; 

2000; 2002; Murray et al., 2003; Tucker et al., 2010; Krolewski et al., 2012) it was clear that 

Ascl1 and the other bHLH genes were important for the expansion of the numbers of ORNs 

and other OE cell classes. Nevertheless, in the absence of Ascl1, ORNs are still produced. 

Indeed, every neuronal and non-neuronal cell type found in the OE can be identified in these 

mutants (Guillemot et al., 1993; Tucker et al., 2010) although their numbers appear to be 

dramatically diminished.

Finally, it was not clear how the specificity of sensory neuron identity was established from 

distinct placodal domains. For example, trigeminal proprioceptive and mechanoreceptive 

neurons are also derived from placodal ectodermal precursors that express Six1 and Sox2; 

however, these cells delaminate from the placode, and coalesce with adjacent neural crest 

cells that become nociceptive sensory neurons, rather than retaining a mesenchymal identity 

(as is the case for those adjacent to the OE). We found that the anterior-posterior identity of 

the mesenchyme is essential for establishing specific sensory neuron identity. When the limb 

bud mesenchyme, which contains several of the same molecular constituents found in 

frontonasal mesenchyme, is apposed to the nascent OE, neurogenesis occurs. These neurons, 

however, lack the functional properties of ORNs, and their axons cannot penetrate the basal 
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lamina between the anomalously induced OE and the underlying heterologous mesenchyme 

(Figure 5; Rawson et al., 2010). Similar frontonasal mesenchymal cues also specify the 

generation of GnRH neurons (Schwarting et al,. 2001; Gamble et al., 2005; Messina et al., 

2011; Cariboni et al., 2011; Parkash et al., 2012); these cells do not differentiate when 

olfactory placodal ectoderm is induced by limb mesenchyme.

Together, these observations on the initial differentiation of ORNs from the olfactory 

placodal ectoderm establish two key points. First, through regulated expression of Six1, 

Sox2 and other Six/Sox genes, the placodal ectoderm acquires the capacity to generate 

neurons; however, that capacity is only realized, and neuronal identity is specified by, 

interactions with adjacent neural crest-derived mesenchymal cells. Second, the distinct 

zones of FGF, BMP and other signaling factors established at placodal ectoderm boundary 

regions are not only essential for defining placodal limits; they are also critical for providing 

signals that drive cranial sensory neuron differentiation, including for special sensory 

receptor neurons like ORNs. The relationship between the signaling molecules, which are 

shared by many placodal domains, and the distinctive sensory neuron classes that emerge 

from each placodal region remain unknown. Nevertheless, it is clear that the transcriptional 

and signaling mechanisms that define the cranial placodes specify local neural ectodermal 

progenitors whose subsequent fate depends upon interactions with the underlying neural 

crest-derived mesenchyme, orchestrated by signaling domains established as placodal 

identity emerges.

Cranial ganglion sensory neurons

The trigeminal and epibranchial placodes are specialized niches that produce the large 

neurons in the sensory ganglia of the trigeminal (V), facial (VII), glossopharyngeal (IX) and 

vagus (X) cranial nerves. Unlike the neural crest cells that contribute the small neurons and 

glia to these ganglia, the placode-derived neurons are specified within the placode, 

delaminate from it and migrate to the coalescing ganglion as post-mitotic neurons (Graham 

et al., 2007). The signaling pathways involved in the neurogenesis in these placodes have 

recently been reviewed in detail (Lassiter et al., 2014). In general, the Notch pathway plays a 

critical role in selecting which cells in the neurogenic placode field will become neurons, the 

FGF pathway regulates delamination, the Wnt pathway contributes to delamination, Pax and 

bHLH gene expression, and the BMP pathway regulates bHLH and other neural 

differentiation genes.

Prior to delamination of these neurons, however, PPE factors (e.g., Six1) and SoxB1 neural 

stem cell factors (e.g., Sox2, Sox3) play important roles in regulating neurogenesis. Six1 

expression is maintained in the outer, proliferative layer of the placode and is down-

regulated as cells delaminate from the epithelium and coalesce into ganglia (Pandur and 

Moody, 2000; Schlosser et al., 2008). SoxB1 genes, which are important in maintaining 

neural stem cells in the central nervous system (reviewed in Bergsland et al., 2011; Wegner, 

2013; Moody et al., 2013; Thiel, 2013), are expressed in localized regions of the PPE after 

Six and Eya genes but before individual placodes segregate (Schlosser and Ahrens, 2004). In 

the cranial nerve placodes, SoxB1 genes are expressed at high levels in the inner layer of the 

placode ectoderm (Schlosser et al., 2008) (Figure 6). bHLH transcription factors (e.g., 
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NeuroG, NeuroD) promote the generation of neural progenitors, cause them to exit the cell 

cycle, and promote neuronal differentiation in both the central nervous system and in the 

neurogenic placodes (reviewed in Schlosser, 2006; Castro and Guillemot, 2011). In Xenopus 

cranial nerve placodes, the expression of NeuroG and NeuroD is complimentary to that of 

Six1 (Schlosser and Northcutt, 2000; Schlosser and Ahrens, 2004; Schlosser et al., 2008). 

NeuroG is first expressed in the inner placode layer and later in the delaminating neural 

progenitor cells; NeuroG expression is lost as the coalescing progenitor cells differentiate 

into neurons. NeuroD is expressed later than NeuroG in scattered cells within the inner 

placode layer, and it remains expressed in most of the placode-derived ganglion cells. These 

expression patterns suggest that Six1 maintains placode cells in a proliferative, 

undifferentiated “precursor” state, SoxB1 factors transition these cells to a neural stem cell 

state, and bHLH factors specify neural progenitors (with Notch pathway input; Lassiter et 

al., 2014) and regulate their differentiation into the sensory neurons of the cranial ganglia 

(Figure 6).

What experimental observations place Six1 upstream in this pathway? First, knockdown 

experiments in Xenopus show that Six1 (and Eya1) are required for the expression of SoxB1 

genes, bHLH genes and differentiated neuron markers (Schlosser et al., 2008). In mouse, 

bHLH factors also appear to be regulated by Six1 and Eya1 in neurogenic placodes. For 

example, In Eya1-null neurogenic placodes, NeuroG- and NeuroD-positive cells are 

depleted, delamination is blocked, and sensory neuron differentiation markers (Phox2a/b, 

SCG10) are not expressed (Zou et al., 2004). Similar, but weaker phenotypes are seen in 

Six1-null embryos (Zou et al., 2004), perhaps due to the remaining activity of Six2 and Six4 

(Konishi et al., 2006). Conversely, gain-of-function assays in Xenopus indicate that the level 

of Six1/Eya1 expression is critical for their function in the neural differentiation pathway. 

Increasing the levels of Six1/Eya1 in the neurogenic placodes increases proliferation, 

resulting in a larger domain of SoxB1-expressing neural stem cells, but fewer bHLH-

expressing neural progenitors (Schlosser et al., 2008). Lowering the levels of Six1/Eya1 

promotes the transition of SoxB1-positive cells to bHLH-positive cells. These observations 

indicate that Six/Eya genes maintain a proliferative precursor cell, but for neural 

differentiation to occur they need to be down-regulated.

In other systems Six genes also keep precursor cells in a proliferative state prior to cell type 

differentiation. The loss of Six1 in mice appears to decrease proliferation, which results in 

apoptosis (Li et al., 2003; Ozaki et al., 2004). In humans, SIX1 overexpression was 

identified in hyper-proliferating cell populations (e.g., primary breast cancers and metastatic 

lesions) (Ford et al., 1998). Six1 overexpression also influences cell proliferation by directly 

activating the transcription of CyclinA1 (Coletta et al., 2004), indicating that Six1 may 

maintain cells in an immature state by influencing cell cycle regulation. In fact, reactivating 

Six1 in adult tissues leads to mis-regulated cell proliferation and a number of human cancers 

(Li et al., 2013; Patrick et al., 2009; Patrick et al., 2013).

Six genes have an even later role in neurogenesis in the cranial nerve placodes. Six1 and Six4 

are secondarily expressed in subsets of differentiating sensory neurons in the cranial ganglia 

(Konishi et al., 2006), and gene knockout studies show that they are required to prevent 

apoptosis. Six1-null, Eya1-null and Six1/Six4-null mice have small trigeminal, 
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vestibulocochlear and epibranchial sensory ganglia (Xu et al., 1999; Zheng et al., 2003; Zou 

et al., 2004; Konishi et al., 2006). During embryonic stages these ganglia begin to form, but 

the loss of Six1 and Six4 leads to cell autonomous apoptosis of newly formed cranial 

ganglion neurons. It is proposed that Six genes contribute to sensory neuron survival by 

regulating the expression of the anti-apoptotic gene Bcl-x (Konishi et al., 2006).

The description of the transcriptional path that leads to cranial neuron formation is far from 

complete. First, there are likely to be other neural stem cell genes involved in this process. 

For example, neither Sox2 nor Sox3 is expressed in Xenopus trigeminal placodes (Schlosser 

and Ahrens, 2004), whereas Sox11 is expressed in the PPE and is up-regulated by Six1 

(Brugmann et al., 2004). Second, the critical levels of transcription factors for varying 

phenotypes has not yet been explored rigorously in ganglion neuron differentiation; the use 

of null mutants may not be clinically relevant for human syndromes in which only one allele 

of Six1 or Eya1 is affected. Third, studies in mouse indicate that the Six1-21 enhancer 

functions to integrate input from Sox, Pax, Fox, and bHLH factors (Sato et al., 2012), 

suggesting a transcriptional mechanism by which Six1 expression can be down-regulated to 

permit differentiation to proceed (Figure 6). This now needs to be experimentally tested. 

Finally, not all cranial ganglia are equally affected by the loss of Six/Eya genes (Zou et al., 

2004), suggesting A-P positional input into the regulatory program. In the future it will be 

important to identify all the factors involved in this process and determine precisely how 

they interact to regulate cranial nerve placode neurogenesis. We expect that the late steps in 

this process will be very similar to neural plate and neural crest neurogenesis, but the 

regulatory inputs will obviously be placode specific (e.g., Grocott et al., 2012).

NB zone, PPE and placode genes involved in human congenital syndromes

In humans, craniofacial anomalies and congenital hearing loss are among the most common 

developmental defects. As expected from their roles in placode specification and 

differentiation, mutations in NB-specifying, PPE and placode genes often are associated 

with congenital syndromes characterized by craniofacial and auditory phenotypes (Table 1). 

The craniofacial defects are likely caused by perturbations in the neural crest derivations of 

the NB zone, which give rise to the skeleton and connective tissue of the face; the hearing 

deficits are likely to be caused by perturbations in the otic placode derivative of the NB 

zone. At first glance it might be surprising that the phenotypes associated with each 

syndrome often extend beyond craniofacial and auditory tissues (Table 1), but it is well 

established that these genes are also expressed in other tissues later during development. 

Conversely, it is remarkable that the phenotypes are not more severe considering that work 

from experimental model systems show that these genes have critical roles in placode 

development. However, it must be kept in mind that many of the mutations identified in the 

human patients are only on one allele of the involved gene, whereas experimental gene 

knockdowns are often complete nulls. It is interesting that hearing loss is the dominant 

placode deficit identified in humans. This is a phenotype that can easily be clinically tested, 

whereas the consequences of disruptions in olfactory and cranial sensory neurons might be 

subtle. Nonetheless, correlating the anatomical phenotypes in humans carrying mutations 

with the experimental animals helps confirm the predicted roles of these genes in patients. 

Furthermore, it is very useful to identify the causative genes for hearing loss, because 
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genetic screening might identify affected infants early enough for intervention. For a full 

description of the syndromes summarized below, please refer to the Online Mendelian 

Inheritance in Man website (OMIM.org).

Mutations in NB-specifying genes often result in defects that likely are caused by 

perturbations in both neural crest and placode development. Defects in MSX1 cause 

ectodermal dysplasia, tooth agenesis and orofacial clefting, phenotypes that are associated 

with its dominant role in neural crest development. Mutations in PAX3 are associated with 

Waardenburg syndrome and Craniofacial-deafness-hand syndrome. Waardenburg patients 

have pigment cell defects (neural crest) and both syndromes are characterized by 

craniofacial defects (neural crest) and hearing loss (placode). Mutations in DLX3 cause two 

syndromes that have hair, tooth (neural crest) and bone defects, whereas mutations in DLX5 

result in split-hand/foot malformation 1 syndrome, patients of which have hearing loss 

(placode). Mutations in GATA2 are mostly associated with leukemias, as this gene plays a 

prominent role in hematopoiesis. But one form, called Emberger syndrome, also has hearing 

loss (placode); mutations in GATA3 also can cause deafness (placode). Mutations in FOXI1 

cause Enlarged Vestibular Aqueduct syndrome, characterized by hearing loss (placode). 

Mutations in TFAP2α cause Branchio-oculo-facial syndrome; these patients have 

craniofacial dysmorphologies (neural crest) and hearing deficits (placode).

PPE gene mutations also are causative of a few human congenital syndromes (Table 1). 

SIX1 mutations underlie one form of Branchio-otic syndrome (BOS3), whose phenotypes 

include craniofacial defects and hearing loss (Ruf et al., 2004). Nine mutations in BOS3 

patients from 16 unrelated families have been reported to date; seven are missense mutations 

in the SD and two are missense or deletion mutations in the HD (Ruf et al., 2004; Ito et al., 

2006; Sanggaard et al., 2007; Kochhar et al., 2008; Noguchi et al., 2011). The mutations 

either disrupt the Six1-Eya1 interactions or the ability of Six1 to bind to DNA (Patrick et al., 

2009). In zebrafish, expression of mutant Six1 mRNA that carries a BOS patient mutation 

(R110W) interferes with the Six1/Eya1 interaction that promotes cell proliferation and hair 

cell formation (Bricaud and Collazo, 2011). The Catweasel (Cwe) mouse mutant is thought 

to be a good model for the related Brachio-otic-renal syndrome (BOR), which is similar to 

BOS but also includes kidney defects, because it harbors a missense mutation in the SD that 

is similar to at least one BOR family (Bosman et al., 2009; Mosrati et al., 2011). 

Heterozygous-Cwe mice have an ectopic row of hair cells in the cochlea, and homozygous-

Cwe mice do not have hair cells in either the cochlea, semicircular canals or utricle. To our 

knowledge, no human syndromes have been assigned to mutations in SIX2 or SIX4, but one 

affected locus in BOS patients contains the Six1, Six4, and Six6 genes (Ruf et al., 2004).

Patients diagnosed with BOS1 and BOR1 harbor EYA1 mutations (Abdelhak et al., 1997; 

Kumar et al., 1997; Rodriguez-Soriano, 2003; Spruijt et al., 2006); cataracts of the lens also 

have been associated with EYA1 mutations (Azuma et al., 2000). Often the defects in the 

protein lie in the ED, where they interfere with the interaction between Eya1 and Six 

proteins (Buller et al., 2001; Ozaki et al., 2002). Partial deletions of EYA1 that include other 

genes cause Oto-facio-cervical syndrome, which includes both craniofacial and hearing 

defects (Rickard et al., 2001; Estefania et al., 2006). To date, no mutations in EYA2 or EYA3 

have been reported in humans. However, mutations in EYA4 are involved in Autosomal 
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Dominant Sensorineural Deafness 10 (DFNA10; Wayne et al., 2001; Makishima et al., 

2007) and Dilated Cardiomyopathy with Sensorineural Hearing Loss, Autosomal Dominant 

(CMD1J (Schonberger et al., 2005), implicating defects in the otic placode. The described 

mutations, which include small insertions, amino acid substitutions and large deletions, are 

all predicted to truncate the EYA4 protein within the ED, which is required for interactions 

with SIX proteins.

Mutations in genes that lie downstream of SIX/EYA in the placode development pathway 

have fewer identifiable craniofacial and hearing phenotypes. While Irx and Gbx2 have 

important roles in placode development (Figure 4), no human congenital syndromes have 

been associated with these genes so far. Although Pax6 is an important early marker of the 

PPR “ground” state (Bailey et al., 2006), mutations in PAX6 are associated primarily with 

ocular defects, and a small number of patients have lens defects. Likewise, although patients 

with PAX2 mutations have high frequency hearing deficits, the major abnormalities are 

found in the kidneys. PAX8 mutations are associated with thyroid dysgenesis without any 

reported hearing loss. Mutations of TBX1 cause a large number of cardiac defects and 

patients have craniofacial anomalies (neural crest), but no obvious placode-derived defects. 

OTX2 mutations cause eye defects as well as defects in both the anterior (placode) and 

posterior (neural) pituitary. Perhaps because these genes play overlapping roles in placode 

differentiation, mutation in one is compensated by the activities of the other genes in the 

regulatory network.

Conclusions

Placodes contribute to important secretory cells and cranial sensory organs that are critical 

for the normal behavior of an animal. Many of the genes involved in placode development 

are highly conserved from invertebrates to vertebrates, indicating that the underlying 

transcriptional pathways are evolutionarily very old (Bassham and Postlthwait, 2005; 

Schlosser, 2005; Schlosser, 2007; Gasparini et al., 2013; Graham and Shimeld, 2013; 

Luttrell and Swalla, 2014). Mutation of genes involved in placode development lead to a 

variety of congenital syndromes in humans that share craniofacial dysmorphologies and 

hearing loss. Future work is needed to identify the specific molecular functions of the Six 

(and other) genes that have key roles in PPE and placode development, and identify all of 

the potential co-factors; this will reveal further genetic causes of craniofacial syndromes. In 

addition, identifying and understanding the function of all of the genes involved in PPE 

specification and placode differentiation pathways will have a major impact on craniofacial 

tissue repair efforts. Elucidating the basic molecular mechanisms by which PPE cells are 

induced and transformed from the embryonic ectoderm into numerous differentiated cell 

types and how the process differs from that described for the closely related neural crest will 

be critical for designing techniques for sensory organ replacement from various stem and 

progenitor cell sources. In one case, that of olfactory sensory neurons, the embryonic 

mechanisms are likely maintained and adapted in the adult to facilitate olfactory sensory 

neuron replacement throughout life seen in most vertebrates, including mammals (Schwob, 

2002; Leung et al, 2007). It is exciting that human embryonic stem cells have been 

successfully differentiated into placode cells (Chen et al., 2012; Leung et al., 2013), in some 

instances generating trigeminal sensory neurons capable of in vivo engraftment in chick and 
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mouse embryos, mature lens fibers, and anterior pituitary cells capable of producing human 

growth hormone and adrenocorticotropic hormone in vivo (Dincer et al., 2013). 

Understanding the placode gene regulatory network in the embryo will surely enhance in 

vitro differentiation steps for regenerating placode derivatives, making it possible to repair 

and regenerate cranial sensory organs.
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Figure 1. 
The ectodermal domains depicted at different stages of Xenopus embryonic development. At 

gastrulation, the early embryonic ectoderm is divided into two domains neural (blue) and 

non-neural (yellow). Interactions between these two domains and signaling from underlying 

tissues establish a neural border (NB) zone (green) between the early neural plate (np) and 

the epidermis (epi). At later neural plate stages the NB zone divides into the medially 

located neural crest (nc; light green) and the laterally located pre-placodal ectoderm (PPE, 

dark green). After the the PPE acquires initial anterior-posterior patterning and the neural 

tube (nt) begins to roll up during neurulation, the PPE breaks up into individual placodes in 

response to local signaling and differential transcription factor expression. These include: 

those derived from the anterior PPE field (the adenohypophyseal (ah), olfactory (olf), and 

lens (le)); those derived from the intermediate field (V; ophthalmic placode is dorsal to lens 

placode, and maxillomandibular placode is posterior to it); and those derived from the 

posterior field (otic and epibranchial (eb)).
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Figure 2. 
Several steps are involved in forming the pre-placodal ectoderm.

Top: The embryonic ectoderm of a neurula stage has been flattened into a sheet. On the left 

is represented the fields apparent at early neural plate stages: epidermis (Epi), neural border 

zone (NB) and neural plate (NP). On the right the NB has divided into its neural crest (NC) 

and pre-placodal ectoderm (PPE) derivatives.

Bottom: Different sets of transcription factors are differentially expressed in these 

ectodermal domains over developmental time. At gastrula stages, the expression domains of 

neural plate genes (blue bar; SoxB1 and Zic) and epidermal genes (yellow bars; Msx1, Dlx, 

GATA, TFAP2, Foxi) overlap in a region that will become the neural border zone. At early 

neural plate stages, SoxB1 gene expression recedes from the NB zone, Zic genes (purple 

bars) are no longer expressed in the medial region of the neural plate, Msx1 and Pax3 

expression (dark green bars) is confined to the NB zone, whereas Dlx, GATA, TFAP2 and 

are expressed in both the NB zone and epidermis (yellow bars). At late neural plate stages 

Six and Eya genes are expressed in the PPE domain (medium green bars) and “neural crest 

specifying” genes (Msx1, Pax3, FoxD3, Sox9/10, Snail2) are expressed in the neural crest 

domain (light green bars). Dlx3 and TFAP2 also are expressed in the neural crest domain, 

whereas Dlx5/6, GATA and Foxi1 are expressed in the epidermis (yellow bars), and are now 

excluded from the PPE. Once these four domains are formed, their boundaries appear to be 

maintained by mutual repression between domain-specific transcription factors (red bars).
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Figure 3. 
During gastrulation, early, high BMP levels activate several NB-specifying genes and low 

BMP levels, controlled by the secretion of BMP antagonists, allow the expression of neural 

genes (e.g., SoxB1 transcription factors). The NB-specifying genes interact with each other 

to promote (black arrows) the formation of the NB zone, and they repress (red bars) the 

expression of neural genes. Indicated are the various interactions, described in the text, that 

result in the separation of the NB zone into the neural crest and the pre-placodal ectoderm 

(PPE). Contributing to this separation are several signaling pathways. Later, high levels of 

BMP promote an epidermal fate, but this pathway must be attenuated to produce neural crest 

and PPE. An FGF pulse is required for PPE formation. Wnt postitively regulates neural crest 

formation and represses PPE formation.
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Figure 4. 
A summary of the anterior-posterior (A-P) patterning of the PPE into anterior, intermediate 

and posterior domains. Anterior is to the left and posterior is to the right. At early neural 

plate (np) stages the anterior-specific expression of Otx2 and posterior-specific expression of 

Gbx2, and their mutual repression in the intermediate zone set the stage for A-P patterning 

of the PPE, which uniformly expresses Six and Eya genes. Subsequently, RA signaling that 

locally up-regulates Tbx1 and Ripply3 likely causes new Six/Eya expression in a more 

posterior domain that will give rise to the most posterior epibranchial (eb) placodes. At late 

neural plate stages, other transcription factors become restricted to either the anterior domain 

or the intermediate/posterior domains. Presumably these transcriptional combinations, 

together with further local signaling, results in region-specific Pax gene expression, leading 

to the specification of distinct placode fates. Subsequently each of these placodes (ah, 

adenohypophyseal; olf, olfactory; lens; V, trigeminal; otic; eb, epibranchial) expresses 

unique combinations of additional genes.
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Figure 5. 
The genesis of olfactory receptor neurons (ORNs) from the olfactory placodal ectoderm 

(OpE). Top row: Whole mouse embryos stained for the neuronal marker NCAM (which 

labels ORNs and axons in the olfactory nerve—ON), and schematics showing major 

structures that differentiate from the olfactory placode. A, B) The undifferentiated OpE at 

embryonic day (E)9.0 is a slightly thickened epithelial domain on the lateral/ventral surface 

of the head. C, D, E) Within 1.5 days, at E10.5, the OpE invaginates to form the olfactory 

epithelium (OE). ORNs are generated primarily in the medial OE, and their axons (ON, 

olfactory nerve) extend through the frontonasal mesenchyme (gray hatched regions in E) 

and enter the forebrain. F) An ORN at E10.5, labeled for the olfactory marker protein 

(green, a relatively specific marker), and the ORN selective adenylcyclase, ACIII (red), 

which labels the dendritic knob and associated cilia where odor receptor molecules are 

concentrated, and sensory transduction occurs. G) A schematic of the approach to isolate the 

olfactory placode at E9.0, separate the OpE (E), the frontonasal mesenchyme (Mes), and the 

forebrain neuroepithelium (Fb), and recombine them in vitro to assess OpE/ORN 

differentiation. The inset (right) shows a recombined OpE/frontonasal mesenchyme explant 

with mesenchyme from a ROSA-26 gene trap mouse that labels all cells with β-

Moody and LaMantia Page 39

Curr Top Dev Biol. Author manuscript; available in PMC 2015 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



galactosidase (blue), and OpE from a WT embryo. There is no movement of cells from the 

mesenchyme into the OpE over 48 hours in vitro; however, there is growth of olfactory 

axons (ON) and cells that migrate with them. H) The top row shows recombined explants 

(OpE and fronto-nasal mesenchyme) labeled for molecular markers for differentiating ORNs 

(TuJ1 and NCAM), a synthetic enzyme for retinoic acid (Raldh2) and Pax7, which is 

restricted to the lateral mesenchyme. The expression patterns and intensity of each marker is 

parallel to that seen in the differentiation of the olfactory placode/OE in vivo at E11. The 

bottom row shows that the differentiation of the OE, and expression of relevant markers, 

with the exception of Raldh2, depends upon mesenchymal/epithelial interactions—

epithelium (e) nor mesenchyme (m) expresses any of the other markers when isolated. I) A 

schematic showing the role of signaling sources of Fgf8, Bmp4, Shh and RA, established via 

earlier placodal transcriptional mechanisms, in establishing OE neurogenesis and ON 

trajectory. J) Schematic of mesenchyme “swapping” experiments in vitro to assess 

specificity of OpE/frontonasal mesenchyme interactions. K) Isolated E9.0 frontonasal OpE 

(Fn:E) recombined with frontonasal mesenchyme (Fn:M) leads to the restriction and 

patterned expression of Sox2 in the OpE/OE over 48 hours. The same explant is shown here, 

imaged at the times indicated. The inset shows the medial (high) to lateral (low) pattern of 

Sox2 expression facilitated by Fn:E/Fn:M interactions. This pattern is key for specifying 

ORN stem cells. In addition, Fn:E/Fn:M interactions induce Meis1 in a population of cells 

that additional evidence (Tucker et al., 2010; Murdoch et al., 2010) shows are likely OE 

neural stem cells. At far right, these patterning events yield cells in Fn:E/Fn:M explants that 

have all of the morphological hallmarks of ORNs. In addition, these cells have physiological 

properties seen in ORNs (Rawson et al., 2010). L) When OpE (Fn:E) is recombined with 

limb bud mesenchyme (Lb:M), Sox2 is not patterned, and Meis1 expression is seen in the 

mesenchyme rather than OpE. The OpE still generates neurons (far right) in this 

heterologous pairing of E and M; however, these neurons lack apical dendrites, their axons 

cannot enter the limb bud mesenchyme and instead end in elaborate growth cones (arrow, 

lower right panel), and they lack the physiological hallmarks of ORNs (Rawson et al., 

2010).
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Figure 6. 
A model of the gene regulatory pathway proposed to control the onset of neurogenesis in 

neurogenic placodes that form sensory ganglia of cranial nerves V, VII, IX and X. Six/Eya 

maintain proliferative, undifferentiated placode precursors (dark green). Six/Eya are 

required for the expression of SoxB1 genes in neural stem cells (light blue), which are only 

detected in the deeper-positioned cells in the placode once Six/Eya protein levels decrease. 

SoxB1 genes are required for the expression of bHLH neural progenitor genes (darker blue), 

which are only detected once the levels of SoxB1 protein decrease. NeuroG (medium blue) 

is detected in the deeper layer of the placode and in delaminating cells. Later, NeuroD (dark 

blue) is detected in these same cells and in the sensory neurons in the coalescing ganglion. 

These neurons re-express Six/Eya genes (green squares), which are required for cell 

survival. Several studies indicate that the genes expressed at each step of the process, 

including Pax and Fox genes that are involved in placode identity, feedback (black bars) to 

negatively regulate Six/Eya genes, thus promoting differentiation.
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Table 1

Human congenital syndromes associated with NB-specifying and PPE genes and craniofacial defects

Name of syndrome Location

MSX1 Ectodermal dysplasia
Orofacial cleft
Tooth agenesis

4p16.2 Defects in hair, nails, teeth and/or sweat glands
Cleft lip/palate
Lack of a tooth

PAX3 Cranio-facial-deafness-hand syndrome
Waardenburg syndrome

2q36.1 Flat facial profile, craniofacial abnormalities, 
sensorineural hearing loss
Pigment abnormalities, sensorineural hearing loss, 
craniofacial abnormalities

DLX3 Ameliogenesis imperfect
Trichodontoosseous syndrome

17q21.33 Hair, tooth, and bone defects

DLX5 Split-hand/foot malformation 1 7q21.3 Defects in hands and feet; sensorineural hearing loss

GATA2 Emberger syndrome 3q21.3 Congenital deafness, lower limb lymphedema, leukemias

GATA3 Hypoparathyroidism with sensorineural deafness 
syndrome (HDRS)

10p14 Hypoparathryoidism, sensorineural deafness, renal 
dysplagis

FOXI1 Enlarged vestibular aqueduct 5q35.1 Sensorineural and mixed hearing loss

TFAP2-α Branchio-oculo-facial (BOFS) 6p24.3 Branchial clefts, dysmorphic face, external and middle ear 
anomalies w/ conductive deafness

SIX1 Branchio-otic syndrome 3 (BOS3)
Deafness, autosomal dominant 23 (DFNA23)

14q23.1 Branchial arch defects, deafness, lacrimal duct stenosis.
Hearing loss

EYA1 Oro-facial-cervical syndrome
Branchio-otic Syndrome 1(BOS1)
Branchio-oto-renal syndrome 1 (BOR1)

8q13.3 Facial anomalies, low-set ears, preauricular fistulas, 
hearing loss, skeletal defects.
Hearing loss, structural defects in outer, middle and inner 
ear, brachial fistulas.
BOS with renal defects

EYA4 Deafness, autosomal dominant 10
Cardiomyopathy, dilated, 1J

6q23.2 Progressive hearing loss
Dilated cardiopathy, sensorineural hearing loss

PAX6 Aniridia
Various ocular syndromes
Peters anomaly

11p13 Defects in the iris of the eye
Defects in the neural retina
Defects in cornea, lens, and iris

OTX2 Micropthalmia, syndromic 5
Pituitary hormone deficiency, combined, 6

14q22.3 Small, dysmorphic retinas
Hypoplasia of anterior and/or posterior pituitary

TBX1 Conotruncal anomaly face syndrome
DiGeorge syndrome
Tetralogy of Fallot
Velocardiofacial syndrome

22q11.21 Cardiac anomalies, facial anomalies
Defects in thymus, cardiac outflow tracts, facial 
anomalies
Cardiac anomalies
Cardiac anomalies, cleft palate, facial anomalies

PAX2 Papillorenal syndrome
Renal hypoplasia

10q24.31 Ocular and renal anomalies; high frequency hearing loss
Renal agenesis

PAX8 Congenital hypothyroidism 2q13 Thyroid dysgenesis

Information from the Online Mendelian Inheritance in Man website (OMIM.org).
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